Synopsis RNA editing is a process of targeted alterations of nucleotides in all types of RNA molecules (e.g., rRNA, tRNA, mRNA, and miRNA). As a result, the transcriptional output differs from its genomic DNA template. RNA editing can be defined both by biochemical mechanisms and by enzymes that perform these reactions. There are high levels of RNA editing detected in the mammalian nervous system, suggesting that nervous systems use this mechanism to increase protein diversity, because the post-transcription modifications lead to new gene products with novel functions. By reannotating the ctenophore genomes, we found that the number of predicted RNA-editing enzymes is comparable to the numbers in mammals, but much greater than in other non-bilaterian basal metazoans. However, the overall molecular diversity of RNA-editing enzymes in ctenophores is lower, suggesting a possible ''compensation'' by an expansion of the ADAT1-like subfamily in this lineage. In two genera of ctenophores, Pleurobrachia and Mnemiopsis, there are high levels of expression for RNA-editing enzymes in their aboral organs, the integrative center involved in control of locomotion and geotaxis. This finding supports the hypothesis that RNA editing is correlated with the complexity of tissues and behaviors. Smaller numbers of RNA-editing enzymes in Porifera and Placozoa also correlates with the primary absence of neural and muscular systems in these lineages. In ctenophores, the expansion of the RNA-editing machinery can also provide mechanisms that support the remarkable capacity for regeneration in these animals. In summary, despite their compact genomes, a wide variety of epigenomic mechanisms employed by ctenophores and other non-bilaterian basal metazoans can provide novel insights into the evolutionary origins of biological novelties.
Introduction
RNA editing is the process of targeted alterations in the transcriptional output and, as a result, the novel RNA products are different from their genomic DNA templates. RNA editing includes such processes as insertions of nucleotides, deletions from, and alterations in RNA molecules and has been detected in all domains of life including animals, plants, unicellular eukaryotes, and bacteria (Knoop 2011; Gray 2012) . RNA-editing enzymes target all major types of cellular RNAs (i.e., messenger, mRNAs; ribosomal, rRNAs; transfer, tRNAs; micro, miRNAs; snoRNAs; and even non-coding ncRNAs) (Gerber and Keller 2001; Knoop 2011; Gray 2012) . The term RNA editing was first introduced in 1986 when it was reported that four uridine nucleotides were inserted into the mitochondrial cox2 gene in parasitic trypanosomes (Benne et al. 1986) . Since this discovery the field has exploded, with many unusual findings. Conceptually, RNA editing in transcriptomes can be functionally equated to DNA methylation in genomic DNA; both induce covalent modifications of nucleic acids in virtually any cell of an organism, but many of these ramifications are unknown.
RNA editing can be defined both by the biochemical reactions that occur and the enzymes that Integrative and Comparative Biology Integrative and Comparative Biology, volume 55, number 6, pp. 1111 -1120 doi:10.1093 perform these reactions. The two general classes of editing that have been described are substitution and insertion/deletion. The most common type of substitutions are in the Cytidine (C) to Uridine (U) or C-to-U, and Adenosine (A) to Inosine (I), A-to-I, conversions (Fig. 1A) . C-to-U conversions are less common than A-to-I conversions, but have been detected in mammals, basal metazoans (see below), unicellular eukaryotes (e.g., mitochondria of Physarum polycephalum) (Gott et al. 2010 ) and chloroplasts and mitochondria of plants .
Different types of edits may be employed in the same organism or organelle and even within the same transcript (Alfonzo et al. 1999; Gott et al. 2010) . RNA editing is different from the metabolism of purine/pyrimidine or the maturation of RNA. However, the broad distinction between ''editing'' and ''modification'' is less defined at the evolutionary scale. Importantly, RNA editing is not Fig. 1 RNA editing in basal Metazoa. (A) Enzymatic mechanisms for adenosine and cytidine deaminases acting on RNA. Both reactions are a hydrolytic deamination of adenosine and cytidine that results in inosine and uridine, respectively. (B) Domain organization of mammalian RNA-editing enzymes. The ADAR family of enzymes usually contains several Z-DNA-binding domains as well as several dsRBDs (PF00035), and an adenosine (editase) deaminase domain (PF02137), while the ADAR2-encoded protein lacks the Z-DNA-binding domains. The ADAT1 family contains only the adenosine (editase) deaminase. The CDAR family contains an APOBEC-like C-terminal domain, some contain an APOBEC-like N-terminal domain, and all contain the cytidine-deaminase-like domain. The ADAT2/ 3-like predicted protein has a cytidine deaminase but its putative function is as an adenosine deaminase. (C) Inventory of the predicted RNA-editing enzymes in basal metazoans (Ctenophora, Porifera, Placozoa, Cnidaria, and Bilateria). Ctenophores have a number of predicted RNA-editing enzymes, comparable to the number in mammals, and more than in other non-bilaterian metazoans sequenced so far. The genome of Pleurobrachia bachei was re-annotated, producing a non-redundant complement of RNA-editing enzymes from both the filtered and unfiltered gene models (Moroz et al. 2014) . (D) Quantitative expression of the predicted RNA-editing enzymes in the aboral organ of Mnemiopsis leidyi. The three ADAR-like genes appear to have slightly higher expression than do the five ADAT1-like genes. The ADAT2 gene has the highest expression and 2-10 times higher than all the other predicted RNA-editing genes. The insert is of the aboral organ of Mnemiopsis with the statolith in the center. (This figure is available in black and white in print and in color at Integrative and Comparative Biology online.) 1112 A. B. Kohn et al. only specific to mRNA (Knoop 2011; Gray 2012) , but it has also been documented in rRNA (Mahendran et al. 1991) and tRNA (Paris et al. 2011 (Paris et al. , 2012 .
In our comparative survey, we use the broader definition of RNA editing to include both the editing of, and modifications to, RNA. Thus, any alterations that cause differences between the informational content of RNA and its genomic DNA template are considered as parts of the RNA-editing process. Two major classes of enzymes have been identified in metazoans that perform RNA editing: deaminases dependent on adenosine RNA and those dependent on cytidine RNA. Genealogically different and complex RNA editing in plants and unicellular eukaryotes are not discussed here, but see reviews by Hartel et al. (2013) , Takenaka et al. (2013), and Shikanai (2015) .
Cytidine-to-Uridine editing
The first Cytidine to Uridine (C-to-U) editing was discovered in the human apolipoprotein B gene and mediated by a member of the zinc-dependent cytidine deaminase family (APOBEC-1) (Fig. 1A, B ) (Chester et al. 2003; Conticello 2008) . This protein forms an editing holoenzyme complex with APOBEC1 complementation factor and APOBEC1 stimulating protein (Blanc and Davidson 2010) . The consequence of this edit in the human apolipoprotein B gene is the generation of a UAA, a stop codon, from the CAA sequence, which produces a truncated protein (Chester et al. 2003; Conticello 2008) . Initially, the truncated apolipoprotein B was associated with lipid metabolism but now more members of this diverse family of the APOBEC-1 family have been discovered. There are at least 4 genes and over 10 isoforms of the so-called ''apolipoprotein B mRNA editing complex'' (APOBEC), also referred to as ''cytidine deaminase acting on RNA'' (CDAR) enzymes (Rosenberg et al. 2011a (Rosenberg et al. , 2011b .
The vertebrate-specific family of APOBEC-related enzymes has been implicated in many biological functions including homeostasis of cholesterol, development of cancer, and inhibition of viral replication and immunity (Rosenberg et al. 2011a (Rosenberg et al. , 2011b . APOBEC-related activity is associated with neurofibromatosis-the genetic disorder that causes the formation of tumors in nervous tissue by editing the N-acetyltransferase 1 (NAT1) and the neurofibromin 1 (NF1) mRNAs (Abramowicz and Gos 2014) . Another target of APOBEC-related enzymes is the 3 glycine receptor (GLRA3) leading to an amino-acid substitution within the glycine-binding domain and gain-of-function receptors involved in the generation and maintenance of tonic inhibition of neuronal excitability (Meier et al. 2005; Legendre et al. 2009 ). The identification of neuronal and synaptic targets and associated ramifications of this CDAR family of enzymes is an active area of research (Gu et al. 2012 ).
Adenosine-to-Inosine editing
The second example of RNA editing is the Adenosine-to-Inosine (A-to-I) reaction catalyzed by the ''adenosine deaminase acting on RNA'' (ADAR) family of proteins (Sommer et al. 1991; Keegan et al. 2004; Nishikura 2010) . The mammalian ADARs can be subdivided into ADAR1 that encodes a protein that usually contains several Z-DNA-binding domains as well as several double-stranded-RNAbinding domains (dsRBDs) and an adenosine (editase) deaminase domain, while the ADAR2-encoded protein lacks the Z-DNA-binding domains ( Fig. 1B) (Keegan et al. 2004 ).
There are two ADAR-like genes in vertebrates' genomes that encode enzymes of unknown function: ADAR3 is thought to be a pseudogene, and the adenosine deaminase domain containing 1 (testis-specific) ADAD/TENR gene is mostly expressed in the male germline (Lee et al. 1996) . This vertebrate-specific ADAD/TENR-encoded protein has only one dsRBD and one deaminase domain and its function still has not been elucidated (Keegan et al. 2004 ). The ADAR family of enzymes catalyze the hydrolytic deamination of A-to-U, then, during translation, inosine is decoded by the translation machinery as if it were a guanosine ( Fig. 1A ) (Wulff and Nishikura 2010) . Examples of these RNA edits include the glutamate receptor (GluR) (Sommer et al. 1991; Barbon et al. 2010) , the serotonin receptor subtype (5-HT 2C R) (Burns et al. 1997) as well as the Octopus potassium channel (Garrett and Rosenthal 2012) .
At least five subunits of the human ionotropic glutamate-receptor family undergo ADAR-mediated RNA editing with four subunits resulting in a codon change, thereby causing changes in permeability and rate of recovery (Bass 2002) . The serotonin receptor (5-HT 2C R), a member of the G-proteincoupled receptor superfamily, undergoes A-to-I RNA editing at five different editing sites and results in at least seven protein isoforms in rats and humans (Niswender et al. 1999 ). This type of editing is not confined to mammals and has been shown to have a functional role in cephalopod molluscs. For example, the delayed rectifier potassium (K þ ) channel genes from an Antarctic octopus (Pareledone sp.) and a common octopus (Octopus vulgaris) undergo RNA editing as a response to thermal adaptation (Garrett and Rosenthal 2012) . Thus, RNA editing can be used as a mechanism for increasing protein diversity; subsequently post-transcriptional modifications generate new gene products with novel functions and pharmacology (Jepson and Reenan 2008; Tan et al. 2009; Streit and Decher 2011; Streit et al. 2011a Streit et al. , 2011b Holmgren and Rosenthal 2014; Alon et al. 2015) .
From searches of sequence homologies, another member of the RNA-dependent adenosine deaminase superfamily was identified, and termed the ''adenosine deaminases acting on tRNA'' (ADAT) (Fig. 1B) . The first ADAT1 gene was found in the yeast Saccharomyces cerevisiae and named ''TAD1 for tRNA-specific adenosine deaminase 1'', later called scADAT1 (Gerber et al. 1998) . The ADAT1 family of proteins only contain the adenosine (editase) deaminase domain but no recognizable RNA-binding motif has been found, thereby suggesting that these enzymes recognize their specific tRNA substrates by some novel RNA-protein interactions (Fig. 1B ) (Gerber et al. 1998; Schaub and Keller 2002) . The recombinant scADAT1 enzyme only acts on eukaryotic tRNA Ala and not mRNAs or other substrates of ADARs (Gerber et al. 1998 ). scADAT1 performs the deamination reaction of adenosine at position 37 (3 0 -adjacent to the anticodon) to make inosine in eukaryotic tRNA Ala (Gerber et al. 1998 ). Furthermore, it was shown that the yeast ADAT1 requires both a local conformation of the anticodon loop and a correct folding of the tRNA Ala substrate since mutations affecting the three-dimensional structure of the tRNA or the length of the anticodon loop abolished the formation of inosine at position 37 (Gerber et al. 1998) .
The human ADAT1 homolog was cloned (Maas et al. 1999) . In eukaryotes the resultant inosine at position 37 in tRNA Ala was further modified by methylation to a N 1 -methylinosine (m 1 I) (Maas et al. 1999; Rubio et al. 2007 ). The function of this modification is thought to influence translation at different levels, including stabilization of tRNA binding to its complementary codon in mRNA and prevention of translational frameshifting (Schaub and Keller 2002; Gray 2012) .
In yeast, it was determine that the scADAT1 (TAD1) gene was not critical to the survival of cells, and led to the subsequent discovery of TAD2 and TAD3 (Gerber et al. 1998 ). These two new ADAT genes, TAD2 (ADAT2) and TAD3 (ADAT3), proved to have an essential role to the viability of yeast cells (Gerber et al. 1998) . The ADAT2 and ADAT3 enzymes form functional dimers that catalyze the reaction of A-to-I at the first wobble position, 34 (or the first anticodon position), in seven yeast tRNAs and eight tRNAs in humans (Gerber et al. 1998; Gerber and Keller 1999) . In addition to the required functional dimerization, the ADAT2/3 enzymes have a unique deaminase domain that shares higher identity to cytidine and deoxycytidylate deaminase than to the adenosine-deaminase (editase) domain, even though the ADAT2/3 enzymes act on adenosine (Su and Randau 2011) . The substrates of this complex are the first wobble position in the anticodon of tRNAs whose corresponding amino acid is represented by four codons (Schaub and Keller 2002; Gray 2012) .
RNA editing in non-bilaterian basal metazoans
There are five major metazoan lineages: Ctenophora, Porifera, Placozoa, Cnidaria, and Bilateria. Here, we refer to basal metazoans as the non-bilaterian clades, whereas Ctenophora is viewed as sister to all other animals (see the revised phylogeny by Ryan et al. 2013; Moroz et al. 2014; Whelan at al. 2015) (Fig. 2) .
Before the description of RNA editing in ctenophores (Moroz et al. 2014) , non-bilaterian basal metazoans had only one documented example of RNA editing. The mitochondrial RNA of Trichoplax adhaerens (Placozoa) has undergone very unusual RNA editing (Burger et al. 2009 ). The cox1 mitochondrial gene contained a trans-spicing group 1 intron and a RNA event that converted a genomically encoded tyrosine (UAU) into an evolutionarily conserved histidine (CAU) (Burger et al. 2009 ). The U-to-C type of editing is rare but has been described in terrestrial plants and in the Wilms' tumor-susceptibility gene WT1 of humans (Sharma et al. 1994) . To date no enzyme has been associated with this reaction in animals.
RNA editing in ctenophores
We re-annotated the genomes of two species of ctenophores, Pleurobrachia bachei (Moroz et al. 2014) and Mnemiopsis leidyi (Ryan et al. 2013) , and revealed that the number of predicted RNAediting enzymes is comparable to the number of RNA-editing enzymes in humans, and much greater than the number of enzymes in other basal metazoans (Fig. 1C) . Only three genes associated with RNA editing were found in the Trichoplax genome (Srivastava et al. 2008 ) whereas the genomes of Amphimedon queenslandica (Srivastava et al. 2010) and Nematostella vectensis (Putnam et al. 2007) each encoded five and six genes, respectively (Fig. 1C) . Surprisingly, we identified fourteen genes encoding RNA-editing enzymes in the genome of P. bachei (Fig. 1C) (Moroz et al. 2014 ). The genome of Mnemiopsis contains ten predicted genes for RNA editing; eight of which are sister to the relevant Pleurobrachia orthologs, thereby suggesting independent duplications in both lineages of ctenophores ( Supplementary Fig. S1A , B; Supplementary Table  S1) . We refer to all of these predicted genes as ''like'' since most of the recognized components of RNA-editing machinery are highly divergent and relevant enzymes have neither been expressed nor characterized.
In the genome of Pleurobrachia, we identified three genes that encode proteins containing a dsRBD as well as an adenosine (editase) deaminase domain, thus placing them in the ADAR-like subtype. There are nine genes identified in the ADAT1-like family of genes ( Fig. 1B, C ; Supplementary Table S1). We also identified one ADAT2-like gene and one ADAT3-like gene in the genome of P. bachei as well as their orthologs in Mnemiopsis (Fig. 1B, C; Supplementary Table S1 ).
The quantitative profiling of transcriptome across all major developmental stages of Pleurobrachia and across its tissues of adults reveal mosaic patterns of expression for these RNA-editing genes (Moroz et al. 2014 ). For example, the ADAR-like1 sequence was highly expressed in developmental stages while the ADAR-like2 sequence was predominantly expressed in the tissues of adults (Fig. 4 , Moroz et al. 2014) .
We also conducted quantitative transcriptome profiling for the entire RNA-editing complement of the aboral organ of Mnemiopsis. All identified genes encoding RNA-editing enzymes are expressed in the aboral organ of M. leidyi, and the most highly expressed is the ADAT2-like gene (Fig. 1D ).
Comparative analysis of RNA-editing enzymes across non-bilaterian basal metazoans
We did not found the CDAR family of genes in the sequenced genomes of Ctenophora, Porifera, Placozoa, and Cnidaria. However, each of these four lineages appears to have examples of gene gain and loss and unique complement of RNA editing machinery (Fig. 1C) . The Trichoplax genome has only three encoding RNA-editing enzymes classified as ADAT1-like, ADAT2-like, and ADAT3-like.
Next, we tested the genealogical relationships among all metazoans' RNA-editing enzymes, using the classification adopted for the protein families of mammals, but none of the trees provided sufficient resolution to key nodes, thereby suggesting enormous diversification of this machinery early Fig. 2 Evolution of the RNA-editing machinery in Metazoa. The animal phylogeny presented here is supported by recent genome-wide studies (Moroz et al. 2014; Whelan et al. 2015) . Pre-metazoan organisms contained ADAT1-3-like genes. ADAR-like proteins with a dsRBDs and the adenosine deaminase (editase) domain are likely a metazoan innovation. Ctenophores had a lineage-specific expansion of the ADAR-like genes. Porifera and Cnidaria may have had a gene duplication of these ADAR-like genes while Placozoa had a secondary loss of them. Bilaterians probably had a gene-duplication followed by an expansion of this ADAR family. There was a large lineage-specific expansion of the ADAT1-like enzymes in ctenophores compared with mammals, sponges, and placozoans, all of which have only one. The CDAR family of enzymes is a vertebrate-specific innovation and expansion. (This figure is available in black and white in print and in color at Integrative and Comparative Biology online.) in metazoan evolution ( Supplementary Fig. S1A, B ; Supplementary Table S1 ). Similar results were also found by Grice and Degnan (2015) . However, we revealed six sister relationships within the ADAR-like and ADAT1-like protein families and sister relationships for ADAT2-like and ADAT3-like protein families for Mnemiopsis and Pleurobrachia ( Supplementary Fig. S1A, B ; Supplementary Table S1 ).
Ctenophores' innovations
Expansions of RNA-editing enzymes Ctenophores appear to have an expansion of RNAediting enzymes compared with other basal metazoans. Even though the total number of predicted RNA-editing enzymes may be similar between ctenophores and mammals, their complement is quite different. For example, the CDAR family of enzymes was not detected in any ctenophore sequenced. In contrast, ctenophores appear to have an expansion only within the ADAT1-like family of enzymes with the genome of Pleurobrachia having nine ADAT1-like genes and the genome of Mnemiopsis having five ADAT1-like genes ( Fig. 1C; Supplementary Fig.  S1A, B) . This expansion might be a result of the lineage-specific duplications of ADAT1-like genes with four recognized sister pairs detected in the genomes of Pleurobrachia and Mnemiopsis (Supplementary Fig. S1A ). Considering the recent phylogenomic confirmation of Ctenophora as the sister group to all other animals (see Moroz et al. 2014; Whelan et al. 2015) , ADAR-like proteins with dsRBDs and the adenosine deaminase (editase) domain are likely a metazoan innovation ( Fig. 2 ; see also Grice and Degnan 2015) , but these genes were apparently lost in the placozoan lineage.
Diversity of pathways for ADAT1-mediated A-to-I conversion of tRNAs is another prominent feature of RNA editing in ctenophores. Indeed, we screened nine other species of ctenophore and all contain expansions in the ADAT1 family of enzymes similar to Pleurobrachia and Mnemiopsis. Why would ctenophores have the largest expansion of ADAT1-like proteins compared with all other species that have only one ADAT1 gene? The ADAT1 family of proteins appears to have an extremely specialized function in eukaryotes (Maas et al. 1999; Rubio et al. 2007 ). Plus, it has been shown in other species that all the RNA-editing enzymes have their own unique substrates of RNA, so there is presumably no ''compensatory'' role for ADAT1 enzymes (Gerber et al. 1998; Gerber and Keller 1999) .
Obviously, we have just begun to elucidate the different types and functions of RNA editing in ctenophores. Expression and functional characterization of these non-bilaterian basal metazoan RNA-editing enzymes is needed before the question of why can be answered.
RNA editing in mitochondria
We obtained initial evidence for RNA editing in the mitochondrial RNA of Pleurobrachia (Kohn et al. 2012) (Supplementary Fig. S2 ) at a specific location (371 nt) in the Cox1 gene. At this site we analyzed three independent DNA sequences and four different RNA sequences that were cloned. All the DNA sequences have a C in which its corresponding RNA has been edited to a U and sequenced as thymine (T). The edit in the Cox1 gene was silent and did not cause a change in the translated amino-acid residue. There are also examples of U-to-C edits in the mitochondrion of Pleurobrachia.
Ctenophores' mitochondrial genomes have some of the most unique features described for metazoans Kohn et al. 2012) . Pleurobrachia has one of the smallest and most derived animal mitochondrial genomes (Kohn et al. 2012) . Although mitochondrial RNA editing is prevalent and common in unicellular eukaryotes and plants (see reviews by Takenaka et al. 2013; Braun et al. 2014) , very little is known or reported for metazoans. Other than Trichoplax (Burger et al. 2009 ), most of the cases of RNA editing in metazoan mitochondrial genomes arose independently in various lineages, for example in mice (Villegas et al. 2002) , two African geckos Hemitheconyx taylori and Hemitheconyx caudicinctus (Jonniaux et al. 2012 ), a centipede Lithobius forficatus (Lavrov et al. 2000) , a velvet worm Oroperipatus sp. (Segovia et al. 2011 ), a squid Loligo (Tomita et al. 1996) , and a land snail, Cepaea (Yokobori and Paabo 1995) . It should also be noted that the enzymes performing some of these reaction are less intensively investigated and some involve the Thg1-like proteins, or TLPs, which are tRNA-histidine guanylyltransferases-like enzymes (Jackman et al. 2012) . Pleurobrachia may be using RNA editing to restore many of its mitochondrial tRNAs to a functional state, as does a centipede (Lavrov et al. 2000) and velvet worms (Segovia et al. 2011) , since its mt tRNAs are unusual. However, the nature and functions of the enzymes involved in mt tRNA editing in ctenophores need to be characterized in future studies.
Evolution of RNA editing in Metazoa
Figure 2 summarizes the current view of the evolution of RNA editing across Metazoa. ADAT2 and ADAT3 orthologs have been found in all domains of life, except for prokaryotes that only have an ADAT2-like gene (Gerber et al. 1998; Keller 1999, 2001) . These enzymes perform the most widespread example of A-to-I editing in the tRNA (Gerber et al. 1998; Keller 1999, 2001) . From an evolutionary standpoint, paralogs of the ADAT2 gene may have arisen after the divergence of eukaryotes and prokaryotes, and ADAT3 gene was a result of a genomic duplication (Gerber and Keller 2001) . High identity of ADAR-like and ADAT1-like proteins based on their adenosine (editase) deaminase domains would suggest that TAD1-like (ADAT1-like) genes shared a common ancestry with the ADAR-like genes, possibly having evolved only in metazoans (Fig. 2) . The CDAR family of enzymes is a vertebrate-specific expansion, with four different genes and at least eleven isoforms that evolved later and probably independently of the ADAT proteins (Fig. 1C) .
Absence of a nervous system in the sponge Amphimedon and the placozoan Trichoplax correlates with the overall reduced number of RNA-editing enzymes compared with the numbers in ctenophores and bilaterians. The expansion of RNA-editing enzymes in ctenophores could have coincided with complex neural and muscular systems as well as complex development and presence of sensory and integrative centers (Fig. 1D ), see also Moroz (2015) . It was shown that in humans the RNA-editing levels are higher in the brain compared with the levels in the brains of nonhuman primates (Paz-Yaacov et al. 2010; Chen et al. 2014) . These authors suggest that the enhanced RNA-editing levels in the human brain may have led to the development of higher functions in the brain (Paz-Yaacov et al. 2010; Chen et al. 2014) . We speculate that it might be a parallel expansion of RNA-editing mechanisms in ctenophores' aboral organs in support of complex integrative and sensory functions.
What are the functions of this unique complement and expansion of RNA-editing enzymes in ctenophores? Generation of protein diversity and the adaptive value of these mechanisms are apparent. In polyA mRNAs isolated from the brains of rats, it has been estimated that one inosine is present for every 17,000 nucleotides (Paul and Bass 1998) . Also measured levels of inosine in mRNA isolated from different tissues were variable with the brain having the highest levels (Paul and Bass 1998) . The conversion of tRNAs by ADATs as well as by CDARmediated conversions, and other consequences of RNA editing, supported the idea that the number of genes is the major determinant for the generation of RNA diversity, and thus protein diversity, in any given organism (Schaub and Keller 2002) .
In addition, RNA editing may also have a regulatory role in RNA-interference (RNAi) pathways since both processes can compete for the same substrate: dsRNAs (Bass 2000; Nishikura 2006 Nishikura , 2010 . It has been hypothesized that the RNA-editing mechanisms may interact with the RNAi pathways by shear competition, thereby reducing the efficiency of the RNAi pathways (Kawahara and Nishikura 2006; Nishikura 2006 Nishikura , 2010 . Moreover, the mammalian ADAR1 sequesters siRNAs, thereby reducing the efficacy of RNAi (Yang et al. 2005) . In ADAR-null strains of Caenorhabditis elegans, it has been proposed that the A-to-I RNA editing counteracts the RNAi silencing (Tonkin et al. 2002; Tonkin and Bass 2003) . The addition of an inosine to the strand of RNA creates bubble-like structures, making it possibly more difficult for enzymes like Dicer to cleave (Kawahara and Nishikura 2006; Nishikura 2006 Nishikura , 2010 .
Interestingly, P. bachei does not produce any canonical miRNAs due to the absence of the critical genes Pasha and Drosha (Moroz et al. 2014 ). On the other hand, because of the absence of canonical RNAi-like pathways, RNA editing may operate more efficiently in ctenophores, and it is possibly one of the reasons why P. bachei contains more RNA-editing enzymes than do other basal metazoans.
Furthermore, RNAi-associated genes Argonaut-2 and Dicer-2 are highly expressed in the aboral organ and ciliated furrows of P. bachei, thus possibly confirming the idea of the involvement of RNA editing in sensory and integrative functions (Moroz et al. 2014 ).
Conclusion
The presence of RNA editing in all three domains of life argues that chemical modification of nucleotides traces their roots to the origin of life with numerous modifications of this machinery over 3.5 billion years of biological evolution. RNA editing adds another layer to the epigenetic regulation forming a socalled epitranscriptomic landscape. More detailed analysis of such epitranscriptomes across phyla would produce novel insights into lineage-specific adaptations within nervous systems as reported for primates (Bahn et al. 2012; Peng et al. 2012; Chen et al. 2014) . Ctenophores appear to have lineage-specific expansion of RNA-editing enzymes, thereby implying the extensive ongoing parallel evolution of this machinery. The epitranscriptome may also hold unique keys to possible functions of RNA-editing in formation of evolutionary novelties in ctenophores and other lineages. 
